For determination of methylmercury (MeHg) and ethylmercury (EtHg) in seawater and industrial wastewater, a simple and robust analytical method was developed based on phenylation and solvent extraction followed by GC-MS measurement. Alkylmercury compounds were directly phenylated with sodium tetraphenylborate in water and extracted into toluene. The method detection limits obtained for MeHg and EtHg in pure water were 53.3 and 33.5 ng Hg L -1 , respectively, which are almost 10 times lower than the environmental quality standards for water pollution in Japan (EQSJ): 0.5 μg Hg L -1 . The recoveries of alkylmercury compounds from seawater and four kinds of industrial wastewater except for EtHg from treated wastewater of an optic lens factory were satisfactory (>90%) at 1-or 4-fold concentrations of the EQSJ. Contrarily, the low recovery of EtHg from the treated wastewater (75.4 ± 4.7%) was found to be caused by the rapid decomposition of EtHg into inorganic mercury.
Introduction
The Minamata Convention on Mercury was adopted in 2013 under the United Nations Environment Programme (UNEP) for the prevention of global environmental pollution and health damage.
1 From the point of view of toxicity, alkylmercury, e.g. methylmercury (MeHg) and ethylmercury (EtHg), is more important than inorganic mercury (e.g. HgCl2). 2, 3 Alkylmercury is possibly generated in various environmental waters by biological conversion of inorganic mercury with bacteria and plankton. 2 To evaluate the risk, a simple and robust method for determination of alkylmercury is required, especially for highmatrix water samples, e.g. seawater and industrial wastewater.
Gas chromatography (GC) is preferable due to the high separation performance of alkylmercury and has been widely used in conjunction with electron-capture detection (ECD), 4, 5 atomic emission spectrometry (AES), 6 atomic fluorescence spectrometry (AFS), [6] [7] [8] electron ionization mass spectrometry (EI-MS) 9, 10 and inductively coupled plasma mass spectrometry (ICP-MS). 7, 11 However, GC-ECD in conjunction with direct extraction of MeHg into toluene without derivatization 12 was not applicable to river water and seawater samples because of the severe interferences from co-extracted substances. 13 Particularly, the peak obtained from MeHg overlaps with that from inorganic mercury in the presence of excess inorganic mercury in water samples. Therefore, in previous methods, alkylmercury is separated from interfering inorganic mercury and volatile organic compounds by a series of pretreatment processes, i.e. extraction with toluene, back-extraction with L-cysteine and second extraction with toluene, as can be seen in the standard method of Japan (JIS K0102). The results for MeHg and EtHg in river water and seawater were also unsatisfactory (<60%) when alkylmercury was spiked to water samples at 5 μg Hg L -1 . We suspect that MeHg and EtHg are not completely extracted by the pretreatment steps. 13 Derivatization with sodium tetraalkylborate has been also used for the determination of organometallic compounds. One of the commonly used derivatization methods is ethylation 6 with sodium tetraethylborate (NaBEt4). However, ethylation is not applicable for the determination of ethylmercury (EtHg) because inorganic mercury Hg(II) is also derivatized to the same compound (Et2Hg) as EtHg.
Moreover, it has been shown that transformation of MeHg to Hg(0) or Hg(II) during the ethylation process could occur in water samples with a high content of halide ions, e.g. seawater.
combustible in air. The propylation 15 agent i.e. sodium tetrapropylborate (NaBPr4), is also unstable in air, not commercially available, and expensive to custom synthesize. Alternatively, the phenylation 6, 9 reagent, i.e. sodium tetraphenylborate (NaBPh4), is stable in air and readily available at a low cost. However, the methods using phenylation in previous studies were not satisfactory from the point of simplicity, robustness and safety of the methods. Since the method is based on JIS K0102, it requires extraction with toluene, purification with sodium chloride solution and backextraction with L-cysteine before phenylation and extraction with n-hexane. 16, 17 The method also requires a long time (2 h) to complete the phenylation against the competitive binding of mercury with the thiol group (-SH) of L-cysteine. 16 The recovery rates for MeHg and EtHg, even in tap water, were lower than 80%. 16 Another method consisting of direct phenylation of MeHg and extraction with dichloromethane required purification using an alumina column and preconcentration using a vacuum evaporator prior to GC-MS measurments. 9 The recovery rates for MeHg in tap water and lake water were satisfactory (>90%), but the method required the use of a carcinogenic solvent (dichloromethane) 18 and solid-phase purification. In addition, the applicability to high-matrix samples, such as seawater and industrial wastewaters, was unclear.
In the present study, a simple and robust method for determination of alkylmercury in high-matrix water was developed. MeHg and EtHg in water samples were directly phenylated and extracted with a less toxic solvent, toluene, without any back-extraction and solid-phase purification. The phenylated alkylmercury was determined by GC-MS. The robustness of the proposed method was evaluated using seawater and industrial wastewater samples. For an application study of the method, the stability of alkylmercury in the samples was evaluated during sample storage.
Experimental

Reagents and chemicals
Methylmercury chloride (MeHgCl, 98%) and ethylmercury chloride (EtHgCl, 98%) were purchased from Tokyo Chemical Industry (Tokyo, Japan). Standard stock solutions of MeHgCl and EtHgCl were prepared by dissolving appropriate amounts of standards in methanol. These solutions were stored in dark brown glass bottles at 4 C. Mercury chloride (HgCl2) standard solution (1000 mg Hg L -1 ) was obtained from Wako Pure Chemical Industries (Osaka, Japan). Standard stock solution of HgCl2 was prepared by diluting appropriate amounts of the standard in 0.1 mol/L nitric acid. Sodium tetraphenylborate (NaBPh4, >99.5%, Guaranteed reagent for JIS) was purchased from Kanto Chemical (Tokyo, Japan). Solutions of 2% (w/v) NaBPh4 were prepared daily in pure water. A 0.2 mol/L sodium acetate buffer solution was prepared by adding an aliquot of acetic acid to pure water and adjusting the pH at 5.0 with sodium hydroxide solution. A 10% (w/v) polyethylene glycol (PEG) 300, purchased from Wako Pure Chemical Industries (Osaka, Japan), was prepared in toluene. Toluene (>99.7%) and methanol (>99.8%) (for pesticide residue-PCB analysis) were purchased from Wako Pure Chemical Industries. Stock solutions of the internal standards, i.e., naphthalene-d8 (>98%, Acros Organics, Geel, Belgium), 2,4,6-trichloroanisole-d3 (>98%, Wako Pure Chemical Industries), and anthracene-d10 (>98%, Wako Pure Chemical Industries) were prepared by dissolving appropriate amounts of respective compounds in toluene.
Sample collection
Seawater samples were collected from Otake coast (Ibaraki, Japan). Four kinds of industrial wastewater samples were collected. These industrial wastewater samples were classified in four groups: IW: inorganic wastewater, IWT: inorganic wastewater treated, OW: organic wastewater, OWT: organic wastewater treated. The IW was obtained from an optical lens factory. The IWT was obtained by treating the IW with coagulant agents (PAC: poly aluminium chloride). The OW was obtained from a dairy product factory. The OWT was obtained by treating the OW with microbial treatment. All samples were filtered through 0.45-μm membrane filters of cellulose nitrate (Advantec Toyo Kaisha, Tokyo, Japan). The filtrates were transferred into borosilicate glass bottles with fluoropolymerlined cap and stored in the dark at 4 C until analysis. The borosilicate glass bottles were washed by a detergent and 5% HNO3, and rinsed three times with pure water.
Phenylation and solvent extraction
A portion of 100 mL of a water sample was transferred into a 250-mL flat-bottomed flask and 5.0 mL of sodium acetate buffer solution (pH 5.0) and 5 μL of an internal standard solution were added, and then the pH of the solution was adjusted at pH 5.0 ± 0.1 with diluted HCl or NaOH solution. After 1 mL of 2% sodium tetraphenylborate solution and 5 mL of toluene were added, the solution was stirred vigorously using a magnetic stirrer for 30 min at room temperature, and then allowed to stand for about 10 min. The toluene layer was raised to the narrow-neck part by pouring pure water gently along the inside wall of the flask and was transferred to a test tube using a disposable Pasteur pipette. Two grams of sodium sulfate were added to the toluene extract for dehydration and then mixed well. An aliquot of 1 mL of the supernatant was transferred to a borosilicate vial for GC-MS and 2 μL of 10% PEG 300 toluene solution was added for avoiding the adsorption or decomposition of the analytes on active sites of the GC injection port, column and MS interface.
GC-MS
For the determination of alkylmercury, two GC-MS systems were used. One is a GC-MS system consisting of an HP 6890 gas chromatograph (Hewlett-Pachard, Wilmington, DE, USA) and an HP5971A mass selective detector. The GC capillary column used was DB-1MS (Agilent Technologies, Tokyo, Japan). The other is a GCMS-QP2020 (Shimadzu Corporation, Kyoto, Japan) equipped with an auto sampler (AOC-20i+s, Shimadzu Corporation). The GC capillary column used was Rxi-1ms (Restek Corporation, Bellefonte, PA, USA). Operating conditions are listed in Table 1 . Standard solutions of phenylated MeHg and EtHg in toluene for the optimization of GC-MS measurements were prepared as follows: 5 μL of 1000 mg Hg L -1 alkylmercury standard solution was added to 100 mL of pure water, and then phenylated and extracted to 5 mL of toluene. The mercury concentration in the final extract was approximately 1 mg Hg L -1 . The internal calibration method was used for the determination of alkylmercury. As an internal standard, 2,4,6-trichloroanisole-d3 was used for MeHg and EtHg and anthracene-d10 was used for Hg(II), respectively.
Evaluation of efficiency of phenylation and extraction
The efficiency of phenylation and extraction of alkylmercury was evaluated by an amount of mercury in the toluene extract. The mercury was determined by inductively coupled plasma mass spectrometry (ICP-MS) after digesting the extract with a microwave-assisted digestion system (Multiwave 3000, Anton Paar Japan, Tokyo, Japan). A portion of 50 μL of the toluene extract was digested with 5 mL of HNO3 and 2 mL of H2O2 under a microwave condition: 350 W for 20 min, 350 -500 W ramp for 5 min, and 500 W for 10 min. The digestion was repeated after adding 2 mL of HNO3 and 1 mL of H2O2. The digested sample was diluted with pure water up to 25 mL. The mercury in the prepared solution was determined with an ICP-MS instrument (Agilent 7700x, Agilent Technologies, Tokyo, Japan). A volume of 100 μL of solution was introduced by flow injection mode using a concentric nebulizer and double pass spray chamber. The ICP-MS operating parameters were as follows: forward power 1350 W; coolant Ar flow, 12 L min 
Results and Discussion
Optimization of phenylation and extraction
To simplify the pretreatment and to shorten the time, the authors carried out the phenylation and solvent extraction simultaneously by adding sodium tetraphenylborate and toluene to the sample and stirring it vigorously. The combined efficiencies of phenylation and solvent extraction were investigated by changing the reaction time from 10 to 60 min. The results for pure water and seawater samples are shown in Figs. 1(a) and 1(b) , respectively. Although the recovery reached almost 90% even at 10 min of reaction time, a slightly lower value was obtained compared with those at 30 and 60 min. Considering the possibility that coexisting substances in industrial wastewaters may interfere with the reaction, 30 min was adopted in the following experiments.
In a previous paper using phenylation and solvent extraticion, 9 a preconcentration factor of 200, which is the combination of solvent extraction with a factor of 4 and clean-up and evaporation with a factor of 50, was applied to the determination of alkylmercury at trace levels in seawater. Because the clean-up with alumina column and evaporation require a long time and may cause the loss and contamination of the analytes, we skipped these processes. To acquire the method detection limit lower than the EQSJ (0.5 μg Hg L -1 ) 12 by using only the solvent extraction (including phenylation), the effect of a calculated preconcentration factor (volume ratio of the water sample to added toluene for solvent extraction) was investigated from 4 to 20. The value of the ordinate axis in Fig. 1(c) indicates GC-MS sensitivity by calculating by dividing the peak area by the calculated concentration in toluene.
The efficiencies of phenylation and solvent extraction were almost kept constant in the case of pure water samples. As described in the section of Figures of merit, the method detection limit reached the value 10 times lower than the EQSJ at a factor of 20. Since the purpose of the present paper is to establish a simple and robust method to determine the concentration around the environmental standard, we selected to use the solvent extraction with a factor of 20. The optimized conditions of phenylation and solvent extraction are summarized in Table S1 (Supporting Information).
Optimization of GC-MS measurements
Operating conditions for the GC-MS measurements of phenylated alkylmercury were optimized. Since the phenylated alkylmercury was not commercially available, the stock solutions of phenylated MeHg and EtHg in toluene at 1 mg Hg L -1 were prepared by phenylation of the alkylmercury compounds as described in the Experimental section. The working solutions for calibration were prepared by diluting the stock solutions with toluene. The correlation coefficients (R) of the calibration curves for phenylated MeHg, EtHg and Hg(II) were 0.9952, 0.9979 and 0.9944, respectively, in the range from 10 to 200 μg Hg L -1 as shown in Fig. S1 (Supporting Information).
However, the signal intensities at lower concentrations especially in the range from 10 to 20 μg Hg L -1 decreased and deviated from the linearity. We suspected that a portion of the phenylated MeHg, EtHg and Hg(II) was lost by adsorption on active sites of the injection port and column of GC or the GC-MS interface. To decrease the adsorption, PEG 300 was added to the toluene extracts at the concentration of 200 μg L -1 . The addition of PEG 300 significantly improved the signal intensity and consequently the linearity of the calibration curves of three species. For example, peak areas of phenylated MeHg, EtHg and Hg(II) at 10 μg Hg L -1 were increased up to 1.3, 2.0, and 4.6 times, respectively. The resultant R values of the calibration curves of phenylated MeHg, EtHg and Hg(II) were also improved to 0.9999, 0.9994 and 0.9993, respectively (Fig. S1, Supporting Information) . Under the optimized condition, the selected ion chromatograms and mass spectrograms of GC-MS measurements are shown in Fig. 2 . Selected ions (m/z) for identification of phenylated mercury species (MeHgPh, EtHgPh and HgPh2) were set to 292, 306 and 354, respectively, and selected ions (m/z) for quantification were set to 294, 308 and 356, respectively.
The linearity of calibration curves was also evaluated under the whole procedure including the phenylation and solvent extraction. The whole procedure was carried out for pure water and seawater samples spiked with alkylmercury standard solution at a concentration of 0.5 to 5 μg Hg L -1 . The R values of the calibration curves for MeHg, EtHg and Hg(II) were satisfactory: 0.9998, 0.9992 and 0.9974 for pure water and 0.9998, 0.9999 and 0.9994 for seawater, respectively. The significant loss of alkylmercury even in such high-matrix water was not observed throughout the entire procedure.
Figures of merit
The method detection limit was evaluated as follows. A test solution containing MeHg, EtHg and Hg(II) at 0.5 μg Hg L -1 was prepared. Three replicates were treated with the whole procedure including phenylation, solvent extraction and measurement by GC-MS. The repeatability for MeHg, EtHg and Hg(II), evaluated by the relative standard deviation (RSD) values, were 3.8, 2.0 and 3.3%, respectively. A value of 3.3 times the standard deviation (SD)/sensitivity was used to calculate the method detection limit. 19 The method detection limits for MeHg, EtHg and Hg(II) were 53, 34 and 47 ng Hg L -1 , respectively. These results indicate that the proposed method is applicable for the determination of alkylmercury in water samples around EQSJ (0.5 μg Hg L -1 ). 12 Hitherto there have been no reports of absolute efficiencies of phenylation and solvent extraction of alkylmercury because phenylated alkylmercury standards were not commercially available. To evaluate the absolute efficiencies of phenylation and extraction, we determined the concentration of mercury in the toluene extracts by microwave-assisted acid digestion and ICP-MS as described in the Experimental section. The efficiencies for MeHg, EtHg and Hg(II) were 98.4, 96.8 and 86.2%, respectively, in the case of pure water samples at 25 μg Hg L -1 and a preconcentration factor of 4 ( Table 2 ). It suggests that phenylation and extraction proceed quantitatively for MeHg and EtHg but not for Hg(II). The reason for low efficiency for Hg(II) is not clear but it may be related to the fact that phenylation must occur twice for converting Hg(II) to diphenylmercury. We suspect that the binding with the secondary phenyl group to the mercury is inhibited by the first phenyl group due to a steric hindrance. Therefore, the analytical value for Hg(II) obtained by the proposed method should be considered not as an official value but as a reference value.
Applicability to real water samples
We examined the robustness of the proposed method using high-matrix water samples: seawater and four kinds of industrial wastewater. Since no alkylmercury and inorganic mercury compounds were detected in the collected seawater and industrial wastewater samples, alkylmercury was added to the collected water samples at the concentration of 0.5 (seawater) or 2.0 μg Hg L -1 (industrial wastewater), or equivalent to 1-or 4-fold of the EQSJ. The recovery results are presented in Table 3 . Recoveries of MeHg and EtHg from seawater were satisfactory in spite of the high salts concentrations. The concentrations of the coexisting substances are shown in Table S2 (Supporting Information). Experimental details are described in Supporting Information. Although a white precipitate (probably potassium tetraphenyl borate) was observed at the phenylation step due to the high concentration of potassium over 200 mg L -1 in seawater, no considerable influence to the determination occurred. Since it is reported that the ethylation caused transformation of MeHg to Hg(0) or Hg(II) in water samples with high content of halide ions, although the propylation did not cause any transformation. 14 We examined and made sure that phenylation also did not cause any transformation of MeHg and EtHg even at high concentration of chloride in seawater. In addition, the high recovery rates of the alkylmercury species also means absolute efficiencies of phenylation and solvent extraction were high even in such a high-matrix sample by comparing with the results in pure water as shown in the previous section.
Recoveries of MeHg and EtHg from industrial wastewater were also examined. The concentrations of the coexisting substances were also shown in Table S2 (Supporting  Information) . Briefly, a feature of each wastewater is as follows. The fluoride concentration in the IW is relatively high because fluoride is used for the etching process in glass manufacturing. For the removal of fluoride, CaF2 precipitation and PAC coagulation are commonly used. 20 Thus, various substances are supposed to coexist in the IWT and in practice the concentrations of several inorganic substances, e.g. Ca (~1%) and SO4 2- (>900 mg L -1 ) were significantly high. TOC concentration in the OW was around 30 mg L -1 , which was more than 8 times higher than that in seawater. Recovery results of MeHg and EtHg from four kinds of wastewater except for EtHg from the IWT were satisfactory. While the recovery rate of EtHg from the IWT was 75.4 ± 4.7, 40.3 ± 2.8% of initially added amounts of EtHg was detected as Hg(II). The sum of the observed amounts for EtHg and Hg(II) was 116 ± 5% and is slightly higher than the initially added amounts of EtHg probably because the accuracy of phenylated Hg(II) was not so good. These results indicated that a part of the added EtHg in the wastewater decomposed to Hg(II). The coexisting substances are suspected to cause the decomposition. Comparing with the other water samples, concentration of calcium (1060 ± 20 μg L -1 ) in the IWT is remarkably high. However, it is at present unclear which the substance singly or conjunctionally influenced the phenylation. Further studies are needed to clarify the influence of coexisting substances on the phenylation and solvent extraction.
Selection of internal standard
The use of an internal standard helps to minimize errors that may occur during the injection step to GC as well as errors caused in sample preparation steps such as phenylation, solvent extraction and dehydration of the extract. From this point of view, Hg-isotope enriched methylmercury chloride is a promising candidate and was used in the propylation of methylmercury. 21 However, in phenylation, it is not practical to use this reagent because of increased uncertainty in determining the isotope ratio from the complex mass spectrum due to larger number of 13 C atoms of the phenyl group, along with the limited availability and the high cost of the Hg-isotope enriched reagent.
In the present paper, three aromatic compounds were examined as an internal standard (IS) for the solvent-extraction and GC-MS measurements; IS1: naphthalene-d8, IS2: 2,4,6-trichloroanisole-d3 and IS3: anthracene-d10. The internal standard candidates in toluene were added to pure water samples to set a final concentration of 2 μg L -1 that is comparable to that of MeHg, EtHg and Hg(II). The selected ion chromatograms of GC-MS measurements are shown in Fig. 3 . First, we made sure Alkylmercury were added at the concentration of 0.5 (seawater) or 2.0 μg Hg L -1 (industrial wastewater) (n = 3). that these compounds were not subjected to phenylation. Secondly, we certified that the recovery rate of IS1, IS2 and IS3 were satisfactory: 96.9, 99.9 and 95.2%, respectively. Finally, we evaluated the recovery rate of added alkylmercury (2 μg Hg L -1 ) using real samples of industrial wastewater with/without correction by each internal standard (Table 4) . There is no significant difference in recovery and precision among the three internal standards. As the internal standard, we selected IS2 for phenylated MeHg and EtHg and IS3 for diphenylmercury, respectively, because of the similar retention time.
Since these internal standards are not subjected to phenylation, interference on phenylation cannot be compensated. Therefore, for samples containing large amounts of coexisting substances, the level of interference should be assessed by recovery tests with spiking alkylmercury into the water samples as described in this study. (1) (1.5) (2) (1.9) (2) (1.6) (2)
Alkylmercury was added at the concentration of 2.0 μg Hg L -1 (n = 3).
Stability of alkylmercury in industrial wastewater
For another application of the proposed method, we investigated the stability of alkylmercury in the industrial wastewater samples using the method. The stability of alkylmercury in water samples possibly influences the analytical results as shown in the recovery test for the IWT industrial wastewater. MeHg and EtHg were spiked at 2 μg Hg L -1 into the four waste water samples, respectively, and stored in the dark at 4 C. The time-courses of the concentrations of alkylmercury and decomposition product, inorganic mercury, were observed for 2 weeks, as shown in Fig. 4 . The data for MeHg in the IWT and EtHg in the IW after 1 week were not obtained because of the limited volume of these samples available. The following information is suggested from these data.
In the case of the present inorganic wastewater, 1) the sum of each alkylmercury and inorganic mercury was mostly constant, which means that each alkylmercury decomposed to inorganic mercury (e.g. Hg 2+ ); 2) MeHg was more stable than EtHg from the fact that ca. 20 to 40% of EtHg were decomposed to inorganic mercury only after 1 day, while only ca. 0 to 10% of MeHg were decomposed to inorganic mercury; and 3) both MeHg and EtHg in the IWT appeared to decompose faster than those in the WT, which was probably related to the high concentration of coexisting substances in the IWT.
In the case of the present organic wastewaters, it should be noted that inorganic mercury was not detected and the sum of alkylmercury and inorganic mercury was not constant but gradually decreased. Since the OW and OWT are wastewater samples from a dairy product factory that were treated with activated sludge, the samples could possibly contains not only inorganic substances but organic substances, e.g. proteins or amino acids having thiol group microorganisms. It is thus suggested that alkylmercury is eliminated by adsorption of alkyl or inorganic mercury as a decomposition product with such coexisting substances or microorganisms, or reduction of alkylmercury to volatile inorganic mercury atom (Hg 0) that is lost from the water samples. The different time-courses of alkylmercury between the OW and the OWT might reflect the degree of variation due to coexisting matters.
In the present study, we demonstrated the main possible causes for instability of alkylmercury, although we used only four kinds of wastewater. Further studies are needed to clarify the influence of coexisting substances and microorganisms on the stability of alkylmercury. Studies to prevent the instability during sample storage are also needed. Acidification of the industrial waste water samples should be investigated because the EPA Method 1630 that determinates methylmercury in water by distillation, ethylation, purge and trap, and cold vapor AFS adopted a guideline that the sample should be acidified below pH 2 with HCl or H2SO4. 22 The acidification is considered to be effective not only to kill the microorganisms but also to prevent alkylmercury from binding with coexisting substances. For salty water samples ([Cl -]> 500 mg L -1 ), preservation in the presence of H2SO4 at a lower concentration, 0.2% (v/v), is preferred. 23 
